Abstract The genus Ceratocystis includes important fungal pathogens of trees, including Eucalyptus spp. Ironically, very little is known regarding the diversity or biology of Ceratocystis species on Eucalyptus species in Australia, where most of these trees are native. The aim of this study was to survey for Ceratocystis spp., and their possible insect associates, on eucalypts in Australia and thus to establish a foundation of knowledge regarding these fungi on the continent. Collections were made in three states of Australia from wounds on trees, as well as from nitidulid beetles associated with these wounds. Ceratocystis spp. were identified based on morphology and multigene sequence comparisons. Of the 54 isolates obtained, two previously unknown species of Ceratocystis were found and these are described here as Ceratocystis corymbiicola sp. nov. and Ceratocystis tyalla sp. nov. Furthermore, the distribution of Ceratocystis pirilliformis is expanded to include Eucalyptus spp. in Tasmania.
Introduction
The genus Ceratocystis includes important insectassociated pathogens of agricultural and forestry crops worldwide (Kile 1993; Roux and Wingfield 2009) . Disease symptoms associated with infection by these fungi include stem cankers, root and fruit rot, wood stain and vascular wilt. The type species of the genus, C. fimbriata Ellis & Halsted, is best known as the causal agent of sweet potato black rot disease (Halsted 1890; Halsted and Fairchild 1891) . However, in the past two decades Ceratocystis species have emerged as important threats to plantation forestry trees, causing diseases of Eucalyptus species, Acacia mearnsii de Wild and A. mangium Wild trees in non-native plantation situations Tarigan et al. 2011) . Important examples include C. fimbriata sensu lato (s.l.) reported to cause wilt and death of Eucalyptus spp. in the Republic of Congo, Uganda, Uruguay and Brazil (Barnes et al. 2003a; Roux et al. 1999 Roux et al. , 2000 Roux et al. , 2001 , C. albifundus De Beer, Wingfield & Morris that causes a serious wilt disease of plantation-grown A. mearnsii trees in South Africa (Morris et al. 1993; Wingfield et al. 1996; Roux and Wingfield 2009 ) and C. acaciivora Tarigan & M. van Wyk, the cause of wilt and death of A. mangium in Indonesia (Tarigan et al. 2011) .
The eucalypts include more than 700 tree species distributed in the genera, Eucalyptus L'Her., Corymbia K.D. Hill & L.A.S. Johnson and Angophora Cav. (Hill and Johnson 1995) . Many of these trees are grown as non-natives in commercial plantations and woodlots, covering more than 20 million hectares in more than 60 countries (Iglesias-Trabado and Wilstermann 2008) . In Australia, numerous indigenous fungi are found on these trees but few have been reported to cause major disease in native forest situations Park et al. 2000) . In contrast, where eucalypts are planted as non-natives in plantations, there have been multiple reports of diseases of these trees Wingfield 2003; Wingfield et al. 2008) . These include disease caused by, or associated with, Ceratocystis species .
A number of Ceratocystis spp. have been reported from Australia infecting wounds on Eucalyptus trees. These include C. eucalypti Z.Q. Yuan & Kile that causes vascular stain on E. regnans F. Muell., E. sieberi L.A.S. Johnson and E. globoidea Blakely (Kile et al. 1996) , C. pirilliformis I. Barnes & M.J. Wingf. causing sap-stain on Eucalyptus species (Barnes et al. 2003b; Kamgan Nkuekam et al. 2009 ), C. moniliformopsis Yuan & Mohammed infecting E. obliqua L'Her (Yuan and Mohammed 2002), C. moniliformis (Hedgcock) Moreau from E. grandis (Hill) Maiden (Fouche et al. 2007 ) and C. atrox M. Van Wyk & M.J. Wingfield found in the galleries of Phoracantha acanthocera Macleay (Coleoptera: Cerambycidae) infesting E. grandis (Van Wyk et al. 2007) . These reports have all been from very limited studies. Based on these and the recent descriptions of numerous previously undescribed species of Ceratocystis from Eucalyptus elsewhere in the world, it is likely that many more species await discovery on eucalypts in Australia. A recent study on C. pirilliformis, using polymorphic simple sequence repeat (SSR) markers, for example, suggests that this fungus was introduced to South Africa (Kamgan Nkuekam et al. 2009 ) and it might be native to Australia (Barnes et al. 2003b; Kamgan Nkuekam et al. 2009 ) where it was first discovered.
Ceratocystis species commonly have associations with insects, particularly bark beetles (Furniss et al. 1990; Harrington and Wingfield 1998; Redfern et al. 1987; Wingfield et al. 1997 ) and nitidulid beetles (Cease and Juzwik 2001; Moller and Devay 1968) . These associations have been broadly classified into ''specific'' associations, such as that of the conifer pathogens, C. polonica (Siemaszko) C. Moreau, C. laricicola Redfern & Minter and C. rufipenni Wingfield, Harrington & Solheim that are consistently vectored by Ips typographus L., Ips cembrae Heer and Dendroctonus rufipenni Kirby, respectively (Furniss et al. 1990; Harrington and Wingfield 1998; Redfern et al. 1987; Wingfield et al. 1997) . Alternatively, the association of Ceratocystis species with nitidulid insects and drosophilid flies are termed ''non-specific'' or loose, such as in the case of C. fagacearum (Bretz) Hunt and C. fimbriata s.l. (Cease and Juzwik 2001; Moller and Devay 1968) . There have been no studies regarding insect associates of Ceratocystis species in Australia although it is likely that most of these fungi on eucalypts are vectored by nitidulids and flies.
This study aimed to increase the base of knowledge pertaining to Ceratocystis species on native eucalypts in Australia. The intention is to provide an improved baseline for quarantine procedures and to predict threats of Ceratocystis disease outbreaks, globally. Wounds on eucalypt trees in the eastern part of Australia were thus investigated for the presence of these fungi and their nitidulid insect associates. Both morphological characteristics and multigene DNA sequence data were used to identify all fungi collected and their potential pathogenicity to eucalypt trees was investigated in greenhouse inoculation studies.
Materials and methods

Source of samples and isolations
Collections of Ceratocystis species from Eucalyptus species and Corymbia species in Australia were made over a 6-week period between March and April 2008. Because Ceratocystis species require wounds for infection, and previous studies have shown that stem wounds are commonly infected with these fungi (Kile et al. 1996; Barnes et al. 2003b; Roux et al. 2004; Kamgan Nkuekam et al. 2009 ) surveys were focused on wounds resulting from harvesting as well as stem boring insects. Plantations and forests in Tasmania, New South Wales and the southern part of Queensland were visited. In Tasmania, plantations and forests near Burnie, Tarraleah and Geevestown were surveyed. In New South Wales (NSW) commercial plantations and native eucalypt forests between Sydney in the south and up to the border with Queensland were included. Some key areas sampled in NSW included Pine Creek State Forest, Wattagan State Forest, Wedding Bells State Forest, Crab-tree plantation, Ingalba State Forest and other localities around these main areas. In the state of Queensland, samples were collected from Eucalyptus trees growing around Brisbane.
Samples were collected from stumps of felled trees in all areas surveyed in Tasmania. In NSW wounds included stumps of felled trees, galleries of cossid moths (Lepidoptera: Cossidae) and cerambycid beetles (Coleoptera: Cerambycidae), as well as excavations made on the trees by parrots scavenging for larvae of insects infesting the trees. In Queensland, samples were collected from artificially induced wounds and from wounds made by birds feeding on wood-boring larvae. Pieces of bark or wood were collected from wounds and stored in separate brown paper bags for each tree, after they had been examined with a 209 magnification lens for the presence of Ceratocystis fruiting structures. All the samples were transported to the laboratory in plastic bags that also served to conserve moisture and to induce sporulation. Samples from individual trees were maintained separately in brown bags and samples from each locality were grouped separately into plastic bags.
To obtain information on some of the possible insect associates of Ceratocystis species in Australia, Nitidulidae were collected from wounds on eucalypt trees bearing fungal mats. Insects were collected using an aspirator (Fergusson 1982 ) and transferred to separate cylindrical glass containers containing a piece of tissue paper for each tree sampled. In the laboratory, insects were inactivated by cooling the glass containers in a box containing ice. The insects were grouped according to morphological characteristics using an Axiocam stereo microscope (Carl Zeiss Ltd., Germany). Representatives of each insect group were preserved in 70% ethanol prior to identification by Dr. Andrew Cline, Senior Insect Biosystematist, Plant Pest Diagnostics Center, California Department of Food & Agriculture, United States of America.
Isolation and purification of fungi from wood samples followed the same protocols described by Kamgan Nkuekam et al. (2008a) . Nitidulid beetles not retained for species identification were used to determine the presence of Ceratocystis species on their bodies. This was done by squashing individual insects between two slices of carrot (Moller and Devay 1968) and incubating them for 5 days at 25°C. Fungi were isolated by transferring fruiting bodies (spore masses, mycelium, ascomata) growing on the carrots to 2% malt extract agar (MEA: 20 g/l malt extract and 15 g/l agar, Biolab, Midrand, South Africa and 1000 ml sterile deionised water) containing 0.05 g/l of streptomycin sulphate (SIGMA-ALDRICH, Steinheim, Germany).
Isolates were deposited in the culture collection (CMW) of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria, South Africa, and representative cultures have also been deposited with the Centraalbureau voor Schimmelcultures (CBS), Utrecht, Netherlands. Dried specimens of representative isolates were deposited in the National Collection of Fungi (PREM), Pretoria, South Africa.
Morphological characterization
Ceratocystis isolates were grouped into morphotypes, based on their morphological features in pure culture on 2% MEA. Cultures were incubated at 25°C until sporulation and then grouped into morphotypes based on colour (Rayner 1970 ) and macro-morphology. Fruiting structures, including ascomata and ascospores, phialides and conidia from selected isolates representing each morphotype were mounted in 80% lactic acid on microscope slides and studied using a Zeiss Axiocam light microscope. Fifty measurements of all characteristic morphological features were made for isolates chosen as the types of new species and ten measurements were made for additional isolates. Measurements were noted as (minimum-) mean minus st. dev.-mean plus st. dev. (-maximum).
Scanning electron microscopy was used to observe conidia and conidiophores of the fungi. For this purpose, specimens were prepared following protocols described by Grobbelaar et al. (2009) . Finally the specimens were critical point dried (Bio-Rad E3000, Watford, England), then mounted and coated with gold in a sputter coater and examined using a JEOL JSM-840 scanning electron microscope.
Growth in culture
One isolate of each of the purported new species found in this study was used for growth studies in culture. Disks of agar (9 mm diam.) bearing mycelium of the test isolates were transferred from the actively growing margins of seven-day-old cultures and placed upside down at the centres of 90 mm Petri dishes containing 2% MEA. The plates were incubated in the dark for 10 days at temperatures ranging from 5 to 35°C at 5°intervals. Five replicate plates were used for each isolate at each temperature considered. Two diameter measurements, perpendicular to each other, were taken daily for each colony and the averages of ten diameter measurements for each temperature were computed (Kamgan Nkuekam et al. 2008a, b) .
DNA sequence comparisons
All isolates of each morpho-group of the Ceratocystis spp. collected in this study were selected for DNA sequence comparisons. Single spore drops collected from the apices of ascomata or conidiophores in pure cultures were grown on 2% MEA for 7-10 days. Mycelium was scraped from the surface of the actively growing cultures and then transferred to 1.5 ml Eppendorf tubes using a sterile hypodermic needle. DNA was extracted using PrepMan Ultra Sample Preparation Reagent (Applied Biosystems, Foster City, California, USA) following the manufacturer's instructions.
The internal transcribed spacer regions (ITS1, ITS2) and 5.8S gene of the ribosomal RNA operon were amplified on an Eppendorf Mastercycler (Merck, Hamburg, Germany) using primers ITS1 (3 0 -TCCG TAGGTGAACCTGCGG-5 0 ) and ITS4 (3 0 -TCCTC CGCTTATTGATATGC-5 0 ) (White et al. 1990 ). Part of the b-tubulin gene (BT1) and the transcription elongation factor-1a gene (TEF) were also amplified using the primers bt1a (5 0 -TTCCCCCGTCTCCACT TCTTCATG-3 0 ) and bt1b (5 0 -GACGAGATCGTTC ATGTTGAACTC-3 0 ) (Glass and Donaldson 1995) , EF1F (5 0 -TGCGGTGGTATCGACAAGCGT-3 0 ) and EF2R (5 0 -AGCATGTTGTCGCCGTTGAAG-3 0 ) (Jacobs et al. 2004) , respectively.
The PCR reaction mixtures as well as the thermal cycling used in this study were the same as described previously (Kamgan Nkuekam et al. 2008a ). An aliquot of 5 ll of the PCR products were stained with GelRed TM Nucleic Acid Gel stain (Biotium, Hayward, CA, USA), separated on a 1% agarose gel and visualized under UV light. PCR products were purified using Sephadex G-50 Gel (Sigma-Aldrich), following the manufacturer's instructions. Subsequently, the concentrations of the purified PCR products were determined using a Nanodrop ND-1000 Spectrophotometer (Nanodrop Technologies, Rockland, USA). Sequencing reactions were performed using the Big Dye cycle sequencing kit with Amplitaq DNA polymerase, FS (Perkin-Elmer, Warrington, UK) following the manufacturer's protocol on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). Sequencing PCRs were prepared as described by Kamgan Nkuekam et al. (2008a) and both DNA strands were sequenced.
A preliminary identity for the Ceratocystis isolates was obtained by performing a similarity search (standard nucleotide BLAST) against the GenBank database (http://www.ncbi.nlm.nih.gov). Sequences of both strands for each isolate were examined visually and combined using the programme Sequence Navigator. Sequences were then aligned automatically using Mafft ver.5.851 (Katoh et al. 2002) and analyzed using PAUP 4.0b10 (Swofford 1998) . Additional sequences of related Ceratocystis species were obtained from the GenBank database. PAUP 4.0b10 was used to construct phylogenetic trees from the data matrix, using the heuristic search option of the maximum parsimony method (Swofford 1998) . Confidence levels of the phylogenies were estimated with the bootstrap method (Felsenstein 1985) .
Bayesian analyses was performed with MrBayes V3.1 (Ronquist and Heuelsenbeck 2003) , based on Markov Chain Monte Carlo (MCMC) methods. The best-fit model of evolution was determined using MrModeltest V2.2 (Nylander 2004 ) and included for each gene partition in MrBayes. Four simultaneous MCMCs were run for 1 000 000 generations and trees were sampled every 100th generation. The burn-in procedure in MrBayes V3.1 was used to discard trees that formed before the point of convergence, and the posterior probability in the majority rule concensus trees were calculated by MCMC sampling in MrBayes V3.1, using the best-fit model of evolution.
Pathogenicity tests
Pathogenicity tests were conducted in a quarantine greenhouse using Eucalyptus grandis clone TAG5. Five strains of each of two Ceratocystis species obtained in this study were used in the inoculation experiment. Ten trees, approximately 2-years-old (*1 cm diameter), were inoculated with each test strain and five trees of the same age were inoculated with a sterile agar disc to serve as controls. Test strains included isolates (CMW28917, CMW28920, CMW28925, CMW28928, CMW28932) belonging to the C. moniliformis s.l. complex, and isolates (CMW29120, CMW29275, CMW29349, CMW29354, CMW29546) belonging to the C. fimbriata s.l. complex (Table 1) . Greenhouse conditions included an average temperature of 25°C and natural day/night conditions of about 13 h daylight and 11 h darkness. Inoculations were done using the same technique as described before by Kamgan Nkuekam et al. (2008a) . Six weeks (42 days) after inoculation, the lengths of lesions, including the original wound on the bark surface as well as in the cambium of each tree were measured. Results were then analyzed using the GLM procedure in SAS/STAT (SAS Institute Inc. 1999). Reisolations were made from the lesions to confirm that they had resulted from the effects of the test fungi.
Results
Source of samples and isolations
A wide variety of Ceratocystis isolates arose from collections in New South Wales, Queensland and Tasmania. Samples from which fungi were isolated were from harvesting and stem boring insect wounds on two eucalypt genera (Eucalyptus and Corymbia) spanning nine different species. These trees species included E. nitens Deane & Maiden, E. globulus Labill, E. pilularis Sm., E. saligna Sm., E. dunnii Maiden, E. grandis Hill ex Maiden, E. grandis 9 camaldulensis, E. tereticornis Sm. and (Table 1) . A total of 54 isolates were obtained from wounds on 200 trees sampled across the three states of Australia. Apart from discoloration of the wood around the wounds no other disease symptoms were observed on the trees.
Nitidulidae were found only at Ingalba State Forest in New South Wales. A limited number (30) of insects were collected from E. pilularis trees. These insects represented two groups based on morphology and included Brachypeplus binotatus Murray (13 insects) and Brachypeplus planus Erichson (10 insects). The remaining specimens were characteristic of Carpophilus species (7 insects) but could not be identified to species level. Ceratocystis spp. were isolated from four nitidulid beetles using the carrot baiting technique.
Morphological identification
Ceratocystis spp. collected in this study could broadly be assigned to three morphological groups based on colony morphology and the type of fruiting bodies produced on MEA (Table 1) . Morpho-group A included species resembling those in the C. moniliformis s.l. species complex. This group, consisting of 18 cultures, was characterized by fast growing isolates with a strong fruity (banana) odor, ascomata exuding sticky spore drops containing hatshaped ascospores typical of Ceratocystis species, echinulate perithecial bases and ascomatal necks having disciform bases. These isolates covered the entire surface of the 60 mm Petri dishes within 3 days at 25°C.
Morpho-group B isolates (Table 1) included species resembling those in the C. fimbriata s.l. species complex. There were 33 isolates in this group and they were slow growing and had a granular appearance. Limited numbers of ascomata were produced in culture. These isolates had no spines on the ascomatal bases, they lacked disc-like bases on the ascomatal necks, and produced hat-shaped ascospores. Isolates in this morpho-group could be further placed in two sub-groups based on morphological characteristics. One of these sub-groups from NSW, where it was collected from both insects and trees, was lighter coloured and ascospore drops were produced abundantly. This was in contrast to isolates that originated from Eucalyptus trees in Tasmania, and which were recognized as representing C. pirilliformis based on morphology, as described by Barnes et al. (2003b) .
DNA sequence comparisons
All isolates of Ceratocystis in morpho-group A (C. moniliformis s.l.) were sequenced and selected isolates (CMW21598, CMW28917, CMW28920, CMW28925, CMW28928, CMW28932) ( Table 2) , including representatives from each host were used in phylogenetic analyses (Fig. 1) . All isolates generated amplicons of about 600, 550 and 850 bps for the ITS, BT1 and TEF gene regions, respectively. Partition homogeneity tests using 1000 replicates for sequence data of these three gene regions resulted in a P-value of 0.283, suggesting that the data from the three gene regions could be combined. Comparison of these isolates with those of previously published species in GenBank by analyses of the combined data sets in PAUP resulted in a total of 1130 characters including gaps, with 960 constant characters, 5 variable characters (parsimony-uninformative) and 165 parsimony informative characters. Phylogenetic analysis using parsimony and the heuristic search options resulted in 419 best trees with a consistency index (CI) and retention index (RI) value of 0.670 and 0.892, respectively. Isolates from Australia formed a well-resolved clade (Fig. 1) , supported by a bootstrap value of 98%, separate from any of the described species in the C. moniliformis s.l. species complex, suggesting that they represent an undescribed species. The closest phylogenetic neighbor of these isolates was C. moniliformis.
In separate analyses, using both parsimony and Bayesian computations across the ITS, BT1 and TEF gene regions respectively, only representatives of Morpho-group A and their most closely related phylogenetic neighbors were considered to confirm their species delimitation. In addition, the multilocus nucleotide polymorphisms showing differences among these taxa, as well as the number of fixed base pair differences across the three gene regions, were computed. In these analyses, representatives of Morpho-group A formed a well resolved clade clearly separated from its sister clades (Supplementary Material, Table 3 ) (Fig. 2a-c) . This separation was supported by a number of polymorphic nucleotide sites found across the three gene regions (Supplementary Material, Table 4 .1, 4.2). A number of fixed base pair differences were also found (Supplementary Material, Table 5 , 6, 7) across the three gene regions considered and these were consistent with results based on concatenated analyses and morphology. Isolates (CMW29120, CMW29275, CMW29354, CMW29349, CMW29546, CMW29549) in Morphogroup B1, and Morpho-group B2 (CMW29111, CMW29112, CMW29119, CMW29355) generated amplicons of about 600, 550 and 850 bps for parts of the ITS, BT1 and TEF gene regions, respectively. Partition homogeneity tests using 1000 replicates for (99) 92 (100) 100 (100) 98 (100) 90 (100) 99 (100) 100 (100) 86 (100) 71 (100) 98 (86) C. tyalla sp. nov. Fig. 1 Phylogenetic tree produced from a heuristic search of the combined ITS, BT and TEF sequence data, showing the relationship between C. tyalla sp. nov. from Eucalyptus trees in Australia and other Ceratocystis spp. resembling C. moniliformis. C. virescens was used as out-group taxon. Bootstrap values were derived from 1000 replicates and are indicated next to each clade with posterior probability values in brackets Malawi sequence data of these three gene regions resulted in a P-value of 0.273, suggesting that the data from the three gene regions could be combined. Comparison of these isolates with those from GenBank and automatic alignment using Mafft, followed by analyses in PAUP, resulted in a total of 1289 characters including gaps, with 630 constant characters, 166 variable characters (parsimony-uninformative) and 493 parsimony informative characters. Phylogenetic analysis using parsimony and the heuristic search option resulted in 734 best trees with a consistency index (CI) and retention index (RI) value of 0.692 and 0.889, respectively. Isolates resolved into two different clades within the larger C. fimbriata s.l group. Isolates representing Morpho-group B1 formed a well-resolved clade (Fig. 3) , supported by a bootstrap value of 85%, separate from any of the described species in the C. fimbriata s.l. species complex. The closest phylogenetic neighbor of these isolates was C. atrox and C. polychroma. Isolates of morphogroup B2 clustered with strains of C. pirilliformis, consistent with results based on morphological identification. Bayesian analyses for representatives of Morphogroup B1 and Morpho-group B2 and their most closely related phylogenetic neighbors showed that representatives of morpho-group B1 formed a well resolved clade, clearly separated from its sister clades C. atrox and C. polychroma, based on the ITS, BT1 and TEF gene regions (Fig. 4a-c) . This separation was supported by a number of fixed base pair differences found (Supplementary Material, Table 8.1, 8.2, 9, 10, 11) and these were consistent with results based on concatenated analyses. Analyses of the TEF sequence data did not provide separation between these species. Isolates in morphogroup B2 grouped with strains of C. pirilliformis, consistent with results based on maximum parsimony analysis (Figs. 3, 4a-c) .
Taxonomy
Based on morphological studies and multigene sequence phylogenies, two Ceratocystis spp. from Australia emerged as distinct taxa, clearly separated from other related Ceratocystis reference strains. These included one species residing in the C. moniliformis s.l. group and one in the C. fimbriata s.l. complex. The following descriptions are provided for them.
Ceratocystis tyalla Kamgan-Nkuek. & Jol. Roux sp. nov. (Fig. 5) MB519980 .
Etymology: The name is derived from an aboriginal name for eucalypts in Australia.
Coloniae mellicolores in MEA in 3 diebus in 30°C ad 36.17 mm crescentes. Bases ascomatum brunneae vel nigrae, globosae vel obpyriformes, spinis indumentoque hypharum fuscis. Colla ascomatum atrobrunnea hyphis ostiolaribus divergentibus. Bases collorum basin versus ornamentis disciformibus. Asci evanescentes. Ascosporae pileiformes hyalinae non septatae, vaginis vestitae. Anamorpha Thielaviopsis conidiophoris phialidicis hyalinis tubulosis, colliculis 100 (100) 100 (100) 100 (100) 99 (100) 100 (100) 100 (100) 75 (74) 100 (97) 100 (99) 85 (92) 100 (100) 100 (100) 100 (100) 100 (100) 100 (96) 100 (100) 98 (99) 100 (100) 100 (100) 100 (100) 100 (95 Anamorph: Thielaviopsis. Conidiophores singly on mycelium, phialidic, hyaline, tubular (15.2-) 17.9-27.3 (-35.7) 9 (1.8-) 2-2.9 (-3.9) lm; colarettes visible (1.5-) 2.5-6.0 (-8.5) lm. Conidia hyaline, aseptate, two types, oblong with obtuse ends (5.0-) 6.5-8.5 (-9.5) 9 (1.5-) 2.0-2.5 (-3.0) lm and bacilliform with rounded bases (8.5-) 9.0-11.0 (-12.0) 9 (1.5-) 2.0-2.5 (-3.5) lm. Chlamydospores (aleurioconidium) not observed. 
Pathogenicity tests
Six weeks after inoculation, E. grandis trees were assessed for disease development based on the length of lesions on the bark or at the cambial surfaces. Ceratocystis tyalla and C. corymbiicola produced very small lesions on both the bark (Fig. 7) and the cambial surfaces (Fig. 8) . Trees showed no signs of disease, and re-isolation did not yield cultures of either C. tyalla or C. corymbiicola. Significant differences (P \ 0.0001) in lesion lengths were, however, found between C. tyalla and C. corymbiicola when compared to the control inoculations (Figs. 7, 8) .
Discussion
This study reports on the most extensive survey of Ceratocystis species on eucalypts ever conducted in their country of origin. Three species of Ceratocystis were collected in Australia from either wounds on eucalypt trees or from nitidulid beetles collected from wounds on trees. Two of these are previously undescribed fungal species for which the names C. tyalla and C. corymbiicola have been provided. Furthermore, the host and geographic range of C. pirilliformis, previously known from Australia (Barnes et al. 2003b , Kamgan Nkuekam et al. 2009 ) have been expanded to include Eucalyptus trees in Tasmania. Three Ceratocystis spp., two in the C. fimbriata s.l. species complex and one in the C. moniliformis s.l. species complex emerged from this study. These include two species described for the first time in this study and C. pirilliformis. Ceratocystis tyalla grouped in a unique sub-clade, most closely related to C. moniliformis in phylogenetic analyses. Similar to C. moniliformis and other fungi in the C. moniliformis s.l. complex, it grows rapidly in culture, produces hatshaped ascospores and has short conical spines on the ascomatal bases. Ceratocystis tyalla could, however, be distinguished from C. moniliformis, and other related fungi, by the fact that it has a disc-like ascomatal neck base, which is less well defined than in other species of the group. Phylogenetic inference based on three gene regions also clearly distinguished this taxon from its closest relatives.
Ceratocystis corymbiicola collected from eucalypts in Australia, grouped in the C. fimbriata s.l. complex. It was most closely related to C. atrox and C. polychroma in both the combined ITS, BT and TEF data sets as well as when these gene regions were analysed separately. Bootstrap support for the unique clade containing C. corymbiicola was, however, low in the concatenated tree. Morphological differences could, however, be detected to support the description of C. corymbiicola as a unique species, distinct from C. atrox, a species also described from Australia (Van Wyk et al. 2007 ). C. corymbiicola produces chlamydospores structures that have not been found in C. atrox. In addition, C. corymbiicola produces two morphological forms of bacilliform conidia and only one type of phialide, while C. atrox produces cylindrical and barrel-shaped conidia, and two morphologically distinct forms of phialides (Van Wyk et al. 2007 ). The conidia of C. corymbiicola have swellings, even when young, and this feature also make the species easy to distinguish from other species.
Inoculation studies with C. tyalla and C. corymbiicola under greenhouse conditions suggest that these fungi are not serious pathogens of Eucalyptus trees. Neither of them gave rise to significant lesions or any other disease symptoms of young E. grandis trees. This is not surprising for C. tyalla since species in the C. moniliformis s.l. group include only non-pathogens (Davidson 1935; Kamgan Nkuekam et al. 2008b; Van Wyk et al. 2006 ). Although C. corymbiicola resides in a group of Ceratocystis species known to include important plant pathogens, it appears not to have the potential to cause disease of Eucalyptus, at least under natural situations.
Both previously undescribed Ceratocystis spp. collected in this study could have much wider distributions and host ranges as found. The discovery of these fungi infecting different eucalypt genera spanning several different species suggests that eucalypts are probably their primary hosts. Furthermore, isolating C. corymbiicola from nitidulid beetles suggests that these insects could be potential vectors of the fungus in Australia, similar to what is known for these fungi from other continents.
It was not surprising to find C. pirilliformis infecting wounds of Eucalyptus trees in Australia. This fungus was first described from wounds on E. nitens in Australia (Barnes et al. 2003b ) and has subsequently also been found on Eucalyptus species in South Africa (Roux et al. 2004; Kamgan Nkuekam et al. 2009 ). Results of this study expand the host and geographic range of C. pirilliformis. It is suspected that the fungus is native to Australia, based on its wide distribution (Tasmania to Queensland) in the country and the fact that it appears not to cause disease on eucalypts (Barnes et al. 2003b; Kamgan Nkuekam et al. 2009) . A recent population diversity study of C. pirilliformis collected in South Africa showed a low level of diversity for isolates in South Africa and suggested high population diversity for the few isolates available from Australia (Kamgan Nkuekam et al. 2009 ). However, larger populations of C. pirilliformis from Australia are required to fully elucidate the origin of this fungus.
Brachypeplus binotatus and B. planus, the two nitidulid species identified in this study in association with Ceratocystis species, have been reported from Australia previously. Numerous other species of Nitidulidae including Carpophilus species are also known to occur in Australia in various localities and habitats (Masters 2009 ). However, nitidulid beetles have not previously been found in association with Ceratocystis species in Australia. The results suggest that these insects are probably involved in overland spread of these fungi and further study of this association is likely to yield interesting insights into the biology of Ceratocystis species and their vectors in that country.
